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Introduction
Preterm birth remains one of the most widespread problems in obstetrics. Risk factors of spontaneous preterm birth include a history of preterm birth (1) (2) (3) (4) (5) , cervical shortening (6) (7) (8) and cervical insufficiency (9) .
Cervical insufficiency is defined as a second trimester pregnancy loss due to inability of the cervix to retain a pregnancy in the absence of uterine contractions with no precipitating causes (10) .The pathophysiology of cervical
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Non-pregnant women with a history of cervical insufficiency or a short cervix in the second trimester have low cervical collagen concentrations, supporting the hypothesis that both cervical insufficiency and a short cervix can partly be explained by a constitutional weakness of the cervix. insufficiency is poorly understood. An inherent condition of biomechanical weakness may explain the cervical incompetence in these women. The weakness may be caused by a constitutional defect (11) (12) (13) (14) (15) , congenital M€ ullerian anomalies (16) , birth trauma (17) , induced abortion (18) or conization (19) (20) (21) (22) . Another hypothesis is that cervical insufficiency is associated with preterm ripening (13) caused by infection or an inappropriate inflammatory response (23, 24) . Also the mechanism behind a pathological preterm cervical shortening could be either a constitutional weakness of the cervix that is also present in the non-pregnant state, or a preterm ripening process (25, 26) .
The uterine cervix is dominated by fibrous connective tissue, with collagen as the major contributor to biomechanical strength (27) . Previous studies have shown that the cervical collagen concentration decreases by 45-75% during pregnancy (28) (29) (30) (31) (32) (33) (34) and that a relatively low cervical collagen concentration is found during term labor in women with a short duration of cervical dilation (30, 35) .
In this study we assessed the association between the cervical collagen concentrations in cervical biopsies taken at least 1 year after pregnancy in (1) women with a history of classical cervical insufficiency vs. controls, and (2) women with a short vs. long cervix in the second trimester of pregnancy.
Material and methods
We included only non-pregnant women who had not been pregnant for the last 12 months (36) . Exclusion criteria were signs of vaginal or cervical infection, use of anticoagulant medication, a history of cervical dysplasia, connective tissue disorder, and menopause. The control group consisted of 55 women with normal pregnancies and deliveries admitted for laparoscopic diagnosis and treatment of secondary sterility, endometriosis, dysmenorrhea, ovarian cysts, sterilization and other conditions not involving the cervix.
Cervical insufficiency
We performed a register-based search of cases with classical cervical insufficiency among women with extreme preterm deliveries and late spontaneous abortions (>15 weeks of gestation) in three Danish hospitals; Horsens Hospital, Rigshospitalet Copenhagen University Hospital, and Aarhus University Hospital. We selected those with ICD-10 codes for cervical insufficiency (DO343), suspected preterm birth (DO47) and/or a procedure of vaginal and abdominal cerclage (KMAB00 or KLDD10).
A total of 262 women were identified. We retrieved medical records, and excluded women with a history of dysplasia (n = 64), uterine malformations (n = 6), connective tissue disorder (n = 0), previous term birth (n = 77), multiple pregnancy (n = 41), fetal abnormality (n = 0), placental abruption (n = 3), vaginal bleeding during pregnancy (n = 11), recorded intrauterine infections (n = 1), incomplete history (n = 15), and symptoms uncharacteristic of cervical insufficiency (n = 47). After exclusion, 70 women with a diagnosis of classical cervical insufficiency remained, and 27 of these women, who were not pregnant, accepted participation in the study. The clinical diagnosis was verified by critical review of the medical charts by two medical doctors (I.S., N.U.).
Cervical length
We selected cases from a cohort of 1080 pregnant women participating in a previous study on cervical length (CL) at 18-22 weeks of gestation (37) . A total of 50 women with a cervical length below the 5th percentile [CL <5 P (CL 22.4-28.0 mm)] and 50 women with a cervical length above the 95th percentile [CL >95 P (CL 52.0-55.2 mm)] were invited, and 10 non-pregnant women from each group (without a history of dysplasia) agreed to participate.
Tissue collection and analysis
Two to three biopsies (3 9 3-4 mm) were obtained from the ectocervix by means of biopsy forceps (3 9 7 mm cup; Tischler-Morgan; HBH Medizintechnik GmbH, Tuttlingen, Germany). Biopsies taken at least 5 mm from the external os are representative of the whole cervix (Figures S1 and S2 ). With the exception of slight vaginal bleeding, there were no complications due to the sampling procedure. The biopsies were air-dried for 2 days and stored in caped tubes at room temperature for several months, as we found that freezing the biopsies immediately after they were taken resulted in a lower mean collagen concentration and a larger standard deviation (data not shown). Furthermore we found that the collagen concentration was not affected by storage of the airdried biopsies in caped tubes at room temperature for several months. The epithelium was removed under a dissection microscope to avoid contamination of the stromatic tissue used for collagen determination ( Figure S3 ), a procedure easily performed after soaking the air-dried biopsies in isotonic saline for 2-5 h ( Figure S4 ). Handling of the biopsies is illustrated in Supporting Information Figure S5 . The biopsies were freeze-dried for 16 h, and the dry weight of the stromal tissue was determined. The specimens were hydrolyzed in 6 M HCl at 100°C for 16 h, and hydroxyproline content was determined according to Stegemann and Stalder using a microtiterplate in an ELISA reader (38) . As the hydroxyproline content in the collagen from mammalian and avian tissues is 13.4% AE 0.24, hydroxyproline may be converted to its equivalent of collagen by a factor of 7.46 (39) . The collagen concentration is given as percentage of dry weight. The cervical collagen concentration was found to increase with age and to decrease with parity independent of the mode of delivery ( Figure S6 ) but was unaffected by the menstrual cycle. The inter-assay variability was 1.5% and the intra-assay coefficient of variance was 5.3%. All samples were taken by the same person (I.S.).
Statistical analyses
Assumptions of normal distributions were evaluated by histogram and Q-Q plot. Normally distributed variables were expressed as means with 1 standard deviation (SD) and compared using Student's t-test. Multiple linear regression analyses were used to adjust for age and parity. A receiver operating characteristic (ROC) curve was generated to evaluate the method. Area under the curve (AUC) statistics and 95% confidence intervals were recorded. A p-values less than 0.05 was considered significant. Statistical analysis was performed using STATA version 10.1 for Windows (StataCorp LP, College Station, TX, USA). 
Results
In the study on cervical insufficiency we included 27 non-pregnant Caucasian women: 12 women with cervical insufficiency without a previous vaginal cerclage, and 15 with a previous vaginal cerclage, as well as 55 controls (Table 1) . Clinical data on the 27 cases are given in Supporting Information Table S1 .
As illustrated in Figure 1 , the 27 women with classical cervical insufficiency had a lower cervical collagen concentration (63.5 AE 5.1% of dry weight; mean AE SD) compared with the controls (68.2 AE 5.4%; p = 0.0004). ROC curve analysis gave an AUC of 0.73 (95% CI 0.62-0.84) (blue curve, Figure 2 ). The optimal ROC-derived cutoff for discriminating between cases and controls was 67.5%, resulted in a positive likelihood ratio of 3.2 and a negative likelihood ratio of 0.5, with 60% sensitivity and 81% specificity in discriminating cervical insufficiency. A subgroup of women (n = 12) who had not previously been treated with a vaginal cerclage had an even lower collagen concentration compared with the controls (60.8 AE 5.8%; p = 0.0001). ROC curve analysis on this subgroup gave an AUC of 0.83 (95% CI 0.70-0.95) (green curve, Figure 2 ). An optimal ROC-derived cut-off at 66.5% resulted in a positive likelihood ratio of 7.4 and a negative likelihood ratio of 0.4 (sensitivity 62%, specificity 92%). Sensitivity, specificity, and likelihood ratios for various coordinates of the ROC curves can be found in Supporting Information Tables S2 and S3. All data were adjusted for age and parity.
The clinical characteristics of the women included in the cervical-length study are presented in Table 1 . Women with CL <5 P (25.0 AE 2.1 mm; mean AE SD; n = 10) and women with CL >95 P (55.0 AE 1.8 mm; n = 10) were demographically similar except for mean gestational age at delivery, which was approximately 14 days shorter in a previous pregnancy in the CL <5 P women. Two of the women with CL <5 P gave birth preterm, at gestational weeks 29 +3 and 34 +1 , whereas all women with CL >95 P delivered at term. One woman in each group had a postterm delivery (beyond gestational week 42 +0 ). The reference group (n = 55) was similar to the cases except that 49% of these women had only given birth once.
Non-pregnant women with CL <5 P in a previous pregnancy had a lower collagen concentration (62.1% AE 4.9% of dry weight; mean AESD) compared with women with CL >95 P (67.8% of dry weight AE 5.0%; p = 0.02); all data were adjusted for age and parity as described in Methods (Figure 3) . Women with CL >95 P did not differ from the controls (68.1% of dry weight AE5.4%; p = 0.83).
Discussion
We found that cervical biopsies, taken at least 1 year after the delivery from non-pregnant women with a history of classical cervical insufficiency, had a lower mean collagen concentration compared with controls. As a diagnostic tool concerning cervical insufficiency, the cervical collagen concentration performs with a positive likelihood of 3.2 and a negative likelihood of 0.4. Furthermore, non-pregnant women with a cervical length below the 5th percentile in the second trimester of a preceding pregnancy had significantly lower mean cervical collagen concentrations compared with women with a CL above the 95th percentile.
It is a strength of the study that the participants comprise a highly selected group of women with a history of cervical insufficiency, making the cohort as homogeneous as possible. It adds to the strength that cases and controls were all Caucasians, although our findings might not allow generalization to other ethnic groups. In the evaluation of the method as a diagnostic test of cervical insufficiency, one can argue that the lack of a reference "gold" standard concerning identification of cases is a weakness (40) . Another strength of this study is that the cervical biopsies were taken not less than 1 year after the delivery, as the full biochemical recovery of the cervix is not achieved until 9 months after delivery (36) . Although hydroxyproline is a major constituent of the cervical collagen tissue, other components of the uterine cervix, such as cervical microstructure (41), collagen extractability (42), hyaluronan, proteoglycans (29) , water, elastin (14, 43) , collagen crosslinks (44) , and the different types of collagen (45) may be important, but their impact has yet to be investigated. Our results support the findings of two prior studies. Petersen et al. found lower collagen concentration in women with cervical insufficiency (p = 0.003) (11) . However, their results may have been influenced by the method used because it included pepsin, which is known to contain hydroxyproline (46) . In 2010, Oxlund et al. found lower collagen concentration in women with previous cervical insufficiency (p = 0.03) but, after adjusting for age and parity, the difference was no longer statistically significant (p = 0.20) (12) . Both studies are based on samples from non-pregnant women; however, approximately two-thirds of these women were treated with transvaginal cerclage, and confounding because of this was not taken into account. As supported by our study, women previously treated with vaginal cerclage could have an erroneously normal collagen concentration caused by a higher collagen concentration in local scar tissue. Furthermore, little information is given in these studies on the time from delivery to tissue sampling; a possible confounder, as cervical collagen concentration is lower than normal until 9-12 months after delivery (36) .
There are two main hypotheses that explain cervical insufficiency and preterm cervical shortening: either a constitutional weakness of the cervix that is also present in the non-pregnant state, or a preterm ripening process. This study supports the hypothesis that cervical insufficiency and second trimester cervical shortening are caused at least partly by a constitutional weakness of the uterine cervix. Women treated with vaginal cerclage would be more likely to have lower collagen concentration induced by inflammation, although we found a slightly higher concentration in women with previous cerclage. It may also be of pathophysiologic importance that women with short cervix are at an increased risk of intrauterine infection (25, 47) .
We conclude that the cervical collagen concentration in non-pregnant women may be a biomarker of cervical insufficiency. This knowledge may be used in the future to evaluate the cervical factor in women with an unexplained second trimester delivery/miscarriage. It is plausible that women with a low collagen concentration would benefit from vaginal or abdominal cerclage in a following pregnancy, but a prospective or even randomized study of this is needed (48, 49 
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Additional Supporting Information may be found in the online version of this article: Figure S1 . Collagen concentration in the entire cervical length. The cervical collagen concentration (weight of collagen per tissue dry weight) in the deep stromal tissue of five women, a total of 10 biopsies from each woman, biopsies being obtained from both the right and left part of the cervix. The mean collagen concentration AE standard deviation at the five stated levels was as follows: 71.6% AE 7.8 (a), 72.5% AE 7.9 (b), 72.2% AE 7.3 (c), 69.5% AE 7.5 (d) and 64.4% AE 9.5 (e). Figure S3 . Collagen concentration in cervical biopsies analyzed with or without epithelium. Four biopsies were obtained from each of 20 patients (participant ID numbers [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The biopsies were air-dried, after which they were soaked in isotonic saline. In three of the four biopsies, the epithelium was cut from the stromal tissue under a dissection microscope. Biopsies analyzed with epithelium had a lower collagen concentration (p < 0.001). Figure S4 . Biopsies from the ectocervix. Fresh biopsy (a), thawed biopsy (b), biopsy after air-drying for 2 days (c), and air-dried biopsy after soaking for two hours in isotonic saline (d). The transition between the epithelium and the stromal tissue is difficult to recognize in fresh (a) and thawed biopsies (b) but is easily recognizable in airdried biopsies soaked in isotonic saline (d). The arrows indicate the epithelium. Figure S5 . Sampling and handling of cervical specimens. After sampling the biopsy specimens were stored in tubes (Sarstedt MicroTubes; Sarstedt AG & Co, N€ umbrecht, Germany) at room temperature for up to three months; for the first 2 days, the specimens were air-dried in uncapped tubes to prevent decomposition. The biopsies could then be sent by mail. Before analysis, the biopsies were soaked in isotonic saline, regaining their original shape after two to five hours. The epithelium was easily identified and cut off under a microscope. Figure S6 . Collagen concentrations in relation to age and parity. Cervical collagen concentration (weight of collagen per tissue dry weight) in relation to age (on left of figure) and parity (on right of figure) . Table S1 . Clinical data on women with cervical insufficiency (n = 27). Tabel S2. Coordinates of the ROC curve for the cervical collagen concentration in non-pregnant women with a history of cervical insufficiency (n = 27) compared with controls (n = 55). Table S3 . Coordinates of the ROC curve for the cervical collagen concentration in non-pregnant women with a history of cervical insufficiency never treated with a vaginal cerclage (n = 12) compared with controls (n = 55).
